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Introduction {#sec1}
============

Chemotherapeutic drugs are essential in the treatment of a variety of cancers with mechanisms ranging from DNA alkylation to antimetabolites. Specifically, metallodrugs can serve as effective anti-neoplastic agents, as first discovered with the pioneering Pt-based drug cisplatin (CDDP). Nearly 50% of patients with cancer worldwide receive platinum-based drugs to cope with testicular, ovarian, head and neck, and other cancer types ([@bib10]; [@bib43]; [@bib58]; [@bib65]). The mode of action of cisplatin was widely explored and is presumed to involve interaction of the Pt center with the N atoms of the purine bases of adjacent DNA nucleotides, eventually leading to apoptosis ([@bib65]). A limiting drawback of cisplatin and its derivatives, similarly to other chemotherapies, is the severe side effects accompanying their administration, resulting from toxicity to, among other things, the kidneys, liver, and brain. Other metals studied as alternatives include essential (Fe, Cu, Ni, Zn, etc.) and non-essential (Pt, Ru, Ti, etc.) elements, with Ti being the first non-platinum metal reaching clinical trials as an appealing candidate for anticancer chemotherapy.

The first generation of anticancer Ti(IV) compounds with diketonato- and cyclopentadenyl-based ligands showed activity both *in vitro* and *in vivo*, with reduced toxicity and side effects ([@bib44]). Nevertheless, their utility in the clinic was hampered by rapid decomposition in biological environments ([@bib13]; [@bib14]; [@bib17]; [@bib18]; [@bib23]; [@bib40]; [@bib42]; [@bib46]; [@bib48]; [@bib54]; [@bib60]; [@bib62]; [@bib74]; [@bib75]; [@bib76]), as occurs often with coordination complexes of the labile and oxophilic Ti(IV) metal. Insoluble and undefined O-bridged aggregates of different sizes and nuclearities are formed instantaneously upon interaction with water, leading to uncontrolled solution chemistry, difficult to monitor and analyze. Therefore, despite some mechanistic clues gained throughout the years, the cellular mode of action of these compounds is yet unknown ([@bib18]). Still, a major benefit in using Ti(IV)-based coordination compounds is the biofriendly nature of the metal: its lability, although responsible for the rapid hydrolysis in biological environments, turns into an advantage with the ultimate hydrolysis product being the safe titanium dioxide, often found in a variety of daily products (e.g., sunscreen, food coloring, drugs). Thus, advanced Ti(IV) coordination compounds with enhanced hydrolytic stability were developed to prolong the anticancer activity window before titanium dioxide is formed and is safely excreted. Specifically, the phenolato-based Ti(IV) complexes that we introduced showed a wide range of *in vitro* cytotoxic effects with no signs of *in vivo* toxicity; importantly, their high hydrolytic stability facilitates investigation of their molecular mechanisms of action ([@bib4]; [@bib28], [@bib29]; [@bib34], [@bib35], [@bib36]; [@bib47]; [@bib50], [@bib51], [@bib52]; [@bib57]; [@bib63], [@bib64]; [@bib70]; [@bib73]; [@bib77]; [@bib78]). In particular, we recently showed that a bis(phenolato)bis(alkoxo)Ti(IV) compound (phenolaTi, [Scheme 1](#sch1){ref-type="fig"}), conveniently synthesized from available starting materials, demonstrates high activity toward all cancer cell lines in the NCI-60 panel of the NIH with an average growth inhibition value (GI 50) of 4.6 ± 2 μM (slightly better activity than cisplatin: 5.6 μM; [Figure S1](#mmc1){ref-type="supplementary-material"}) ([@bib53]). No correlations in the cytotoxicity pattern to known drugs in the NIH database, as deduced from COMPARE analysis, implies a distinct mechanism of action. PhenolaTi also demonstrates the following: (1) high cytotoxicity toward cisplatin-resistant and multi-drug-resistant cell lines ([@bib25]; [@bib53]); (2) *in vivo* efficacy with no indication of toxicity ([@bib27]); (3) high water stability for weeks in biological medium ([@bib53]); (4) cellular accumulation and induction of apoptosis within 24--48 h following administration to human colon HT-29 cancer cells ([@bib53]; [@bib57]).Scheme 1PhenolaTi

Herein we aimed to elucidate the mechanism of action of phenolaTi, as a lead anticancer complex, representative of Ti(IV)-based metallodrugs. To that effect, we applied RNA sequencing (RNA-seq) using CEL-Seq2 methodology ([@bib32]) on cell populations at different time points (up to 72 h) following exposure to the drug. Despite the significance of RNA-seq as a research tool, to our knowledge, only a single work used RNA-seq and a few more used microarray analyses to study the effect of metallodrugs ([@bib6]; [@bib30]; [@bib38]; [@bib80]), whereby no studies were reported on Ti(IV) cytotoxicity pathways. Genes related to cell-cycle checkpoints, protein translation, and the endoplasmic reticulum (ER) pathway were significantly altered, thus introducing the first indication of ER involvement in the distinct action of anticancer Ti(IV) phenolato compounds.

Results {#sec2}
=======

To perform in-depth mechanistic analysis of phenolaTi, we aimed to map its dose- and time-dependent effects on the MCF7 human breast adenocarcinoma cell line and analyze the cellular behavior ([Figure 1](#fig1){ref-type="fig"}). Breast cancer is the most frequent malignancy in females; therefore, MCF7 cells are widely employed as an *in vitro* model in cancer research ([@bib19]) and were thus selected for this study. PhenolaTi was synthesized as previously described, from Ti(O*i*Pr)~4~ and the ligand precursor; the latter had been synthesized by a single-step condensation reaction from available starting materials ([@bib53]). Preliminary cytotoxicity studies showed no evident toxicity for the first 6 h of exposure and maximal effect was detected at 72 h ([Figure S2](#mmc1){ref-type="supplementary-material"}). Therefore, we incubated the cells with phenolaTi (54 μM; selected according to the cytotoxicity curves; [Figure S2](#mmc1){ref-type="supplementary-material"}) and analyzed cell-cycle effects, cytotoxicity, apoptosis, and expression profiles, untreated (time 0) and after 3, 6, 15, 24, and 48 h of exposure.Figure 1General Experimental Procedure(A) Experimental *in vitro* workflow; MCF7 cells were seeded overnight, phenolaTi was added at 54 μM at different time points, harvesting was generated at the same time point to obtain 3, 6, 15, 24, and 48 h of incubation (with untreated control samples, 0). (B) Generated samples were sequenced, aligned, annotated, clustered, and functionally analyzed. MCF7 cells undergo changes in response to phenolaTi treatment.

PhenolaTi Induces Apoptosis and Cell-Cycle Arrest {#sec2.1}
-------------------------------------------------

The effect of phenolaTi on MCF7 cells was first measured using flow cytometry to determine cell kinetics, proliferation, and apoptosis. Cells accumulated at the G2/M phase (from 27% to 42%; whereby some accumulation also at S phase can\'t be ruled out) with major reduction in the percentage of cells in the G1 phase (from 67% to 49%) ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}A), suggesting inhibition of cell-cycle checkpoints. Additionally, apoptosis induction was evident: (1) double staining with Annexin V-FITC and propidium iodide (PI) revealed an increase in the percentage of late and early apoptotic cells within 24 h ([Figures 2](#fig2){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}B); (2) characteristic morphological changes indicative of regulated cell death were detected ([Figure 2](#fig2){ref-type="fig"}C). These observations overall point to regulated, programmed cellular death executed by the cellular machinery in response to treatment with phenolaTi ([@bib47]; [@bib53]; [@bib56]; [@bib57]).Figure 2MCF7 Cells undergo Changes in Response to PhenolaTi Treatment(A) Cell-cycle distribution following incubation with phenolaTi at 54 μM at different time points. (B) Time-dependent effect of phenolaTi at 54 μM on apoptosis in MCF7 cancer cells, as recorded using flow cytometry. (C) Microscopic images of MCF7 cells (I) untreated cells, control (II) treated with phenolaTi at 54 μM for 36 h of incubation. Gene expression alteration in response to phenolaTi in MCF7 cells.

Cellular Pathways Identified by Transcriptomic Characterization {#sec2.2}
---------------------------------------------------------------

After establishing the effect of phenolaTi on cell viability and proliferation, we aimed to offer a plausible mechanism of action by mapping transcriptomic changes following phenolaTi treatment, namely, changes in transcribed mRNA molecules. To that effect, MCF7 cells were treated with phenolaTi (54 μM) and incubated for 0 (untreated), 3, 6, 15, 24, and 48 h in triplicates. Then, the mRNA was extracted and sequenced. Both upregulation and downregulation compared with time zero (untreated cells) were considered for analysis, as shown in the heatmap. The 5,000 most variably expressed genes were further analyzed. These genes were divided into five main clusters, applying hierarchical clustering methodology to group similarly behaving genes ([Figure 3](#fig3){ref-type="fig"}).Figure 3Gene Expression (RPM, Reads per Million) Alteration in Response to PhenolaTi in MCF7 Cells at 54 μMMCF7 were treated with 54 μM phenolaTi and sequenced in triplicates or duplicates after 0 (untreated), 3, 6, 15, 24, and 48 h. Expression analysis included CEL-seq2, Z-scoring, and hierarchical clustering. Roughly, the genes can be divided into five main clusters with distinct expression and significant biological functions. The biological functions of the genes were analyzed using GeneAnalytics, an integrative gene set analysis tool ([@bib5]). Blue, increased gene expression; red, decreased gene expression. Changes in expression of ER/hypoxia-related genes in response to phenolaTi in MCF7 cells.

The five clusters, according to their pattern of expression, are the following ([Figure 3](#fig3){ref-type="fig"}) (large to small): (1) cluster (I) of 1,426 genes that were upregulated at 48 h; (2) cluster (V) of 1,284 genes that were downregulated within 3 h; (3) cluster (II) of 684 genes that were upregulated at 15 h; (4) cluster (III) of 406 genes that were locally upregulated at 15 h; (5) cluster (IV) of 251 genes that were downregulated at 15 h. GeneAnalytics ([@bib5]) was employed to annotate the genes in each cluster and associate it with the biological function. [Figure 3](#fig3){ref-type="fig"} presents the most relevant results; full data are provided in the [Supplemental Information](#appsec1){ref-type="fn"} ([Table S1](#mmc2){ref-type="supplementary-material"}).

The first event following exposure to phenolaTi was downregulation within 3 h and then low expression across all time points ([Figure 3](#fig3){ref-type="fig"} cluster (V)). The genes in this cluster are significantly associated with DNA repair (p value \< 3.79 × 10^−8^) and cell cycle (p value \< 2.07 × 10^−10^) (e.g., CHEK2, RAD51, BRIP1, and FANCL). The second transcriptional event was downregulation of mitochondrial translation genes after a 15-h incubation period ([Figure 3](#fig3){ref-type="fig"} cluster (IV)). Simultaneously, temporary upregulation was observed of genes related to different mitochondrial processes (e.g., respiration, electron transport, ATP synthesis), as well as those related to ribosome subunits and other proteins required for translation ([Figure 3](#fig3){ref-type="fig"} cluster (III)). From the 15th h onward upregulation of multiple translational processes included genes associated with ER and the ribosome, which were constantly high ([Figure 3](#fig3){ref-type="fig"} cluster (II)). These processes include cytoplasmic translation, ribosomal small/large subunit assembly and biogenesis and translational elongation. Lastly, at 48 h time, mRNA transcription, transport, and splicing were also upregulated ([Figure 3](#fig3){ref-type="fig"} cluster (I)). Among the most significantly altered genes during the course of the measurement were ATXN7 (p value 6.4 × 10^−14^), GABRA2 (p value 2.4 × 10^−11^), and PLCG2 (p value 7.3 × 10^−12^), which relate to ER processes ([@bib21]; [@bib45]; [@bib59]).

The transcriptomic analysis correlated with the cell cycle and apoptosis experiments ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). As supported by flow cytometry, genes related to cell cycle were affected ([Figure 3](#fig3){ref-type="fig"} cluster (III)/(V)), such as cyclin dependent kinase 1 (CDK1), responsible for progression of cells into the M phase ([@bib22]; [@bib41]; [@bib83]), which is downregulated within 3 h ([Figure 3](#fig3){ref-type="fig"} cluster (V)). Moreover, pro-apoptotic genes, such as Growth Arrest and DNA Damage 45 (GADD45) and Activating Transcription Factor 4 (ATF4) were upregulated within 48 h ([Figure 3](#fig3){ref-type="fig"} cluster (I)), in agreement with the observed changes ([Figures 2](#fig2){ref-type="fig"}B and 2C). Importantly, ATF4 is a key player in the cellular response to hypoxia evolved in ER stress ([@bib67]).

Overall, phenolaTi treatment upregulated processes related to the translation of proteins in the ER and ribosomal biogenesis ([Figure 3](#fig3){ref-type="fig"} cluster (II)/(III)). A variety of ribosomal genes (RPL and RPS) were upregulated within 15 h, among which some were consequently downregulated, and others were continuously highly expressed at 24/48 h. Moreover, significant upregulation of EIF3C gene (p value 6.7 × 10^−7^) was observed, a key player in translation initiation within cells ([@bib81]); together with high expression of ATF4, this observation supports involvement of ribosome and ER in the cellular response to phenolaTi.

Short-Term Effect (3--15 h) of PhenolaTi Supports Hypoxia and ER Stress {#sec2.3}
-----------------------------------------------------------------------

The analysis points to major changes in gene expression, mainly observed 15 h or more following treatment. To focus on the short-term effect of the drug, gene expression in the first 15 h following exposure (3, 6, and 15 h) was specifically analyzed relative to control (0 h), looking at genes most variable at short time points ([Figure S4](#mmc1){ref-type="supplementary-material"}). The most significantly altered gene already within 3 h of exposure was SLC30A1 (p value 4.7 × 10^−35^), associated with cation transmembrane activity; interestingly, this gene is involved in zinc efflux through the ER membrane ([@bib3]). Additional altered genes within 6 h of exposure include EGLN2 (p value 4.66 × 10^−6^), involved in oxygen sensing related to hypoxia tolerance; PNRC2 (p value 5.6 × 10^−24^), associated with energy balance/storage; and TMEM177 (p value 2.2 × 10^−22^), a mitochondrial respiratory chain complex assembly factor. This gene signature further supports the effect on mitochondria previously observed for related Ti phenolato compounds, accumulated in the mitochondria organelle ([@bib68]). Inspecting the genes altered within 15 h of treatment, the downregulated genes relate to cell-cycle checkpoints (e.g., CDC23) and DNA damage (e.g., BRCA1). Overall, examining the most significant genes over the entire short time course of 3/6/15 h, three genes are constantly upregulated: CYP1A1, SLC30A1, and PYGM ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E). The first two genes relate to cellular response to metal ions ([@bib16]; [@bib85]), whereby CYP1A1 is a member of cytochrome p450 superfamily enzymes, which are localized mainly in the inner membrane of the mitochondria or the ER and are associated with cancer susceptibility ([@bib1]; [@bib11]; [@bib39]; [@bib69]). The alterations in CYP1A1 together with those of SLC30A1 again focused our attention specifically on the ER as a putative cellular target.

Analysis of Pathway-Related Genes: PhenolaTi Causes Changes in Hypoxia and Endoplasmic Reticulum-Related Genes {#sec2.4}
--------------------------------------------------------------------------------------------------------------

Known metallodrugs, particularly cisplatin and its Pt-based derivatives, operate by direct DNA binding ([@bib49]; [@bib65]). For any similarly operating metallodrug, upregulation of genes related to DNA damage would be expected, such as the homologous recombination repair (HRR)-related genes. In contrast, our data show downregulation of DNA damage-related genes ([Figure 3](#fig3){ref-type="fig"} cluster (V)). This indication implies that direct DNA damage is not induced by phenolaTi. Nonetheless, previous studies showed connection between downregulation of HRR genes and hypoxia ([@bib7], [@bib8]; [@bib15]; [@bib55]), which in turn can correlate with ER stress.

Owing to the aforementioned results, we evaluated specifically the possible induction of hypoxic mimetic conditions by phenolaTi. Interestingly, from a set of 51 genes previously reported to be strongly related to hypoxia ([@bib12]), 26 genes were significantly altered herein (p value \< 0.0005 based on hypergeometric distribution) ([Figure 4](#fig4){ref-type="fig"}A). Of these 26 genes, 12 were strongly upregulated within 15 h and the rest were downregulated. The downregulated genes are annotated to mitochondrial translation processes, whereas the upregulated genes relate to the glucose metabolism pathway or hypoxia inducing factor 1 (HIF1) signaling pathway ([Figure 4](#fig4){ref-type="fig"}B), further supporting phenolaTi-induced hypoxia. The mechanism by which phenolaTi mimics hypoxia induction remains to be elucidated; but it may also relate to the altered expression of mitochondrial genes and reduction in oxygen levels ([Figure 3](#fig3){ref-type="fig"} clusters (III)/(IV)).Figure 4Changes in Expression of ER/Hypoxia-Related Genes in Response to PhenolaTi in MCF7 Cells at 54 μM(A) A 26-gene cluster of the total 51 genes previously reported to be overexpressed in hypoxia ([@bib12]); these were significantly altered over time in our experiment (p value \< 0.05). (B) Expression of genes ENO1, ALDOA, and ADM, relating to hypoxic conditions. (C) A 52-gene cluster of the total 575 genes previously reported to be related to ER stress ([@bib31]); these were upregulated over time in our experiment (p value \< 0.05). (D) Expression of genes ATF4, HspA5, PPP1R15A/B, DDIT3. and NRBF2, relating to ER stress. *In vitro* validation assays support ER-related mechanism of phenolaTi with no direct DNA binding.

As mentioned above, a variety of genes related to ribosome biogenesis (RPL/RPS/CYP1A1) and translational process were significantly changed ([Figure 3](#fig3){ref-type="fig"} cluster (II)/(III)), pointing to ribosome translation processes and the ER as vital participants in the mechanism of phenolaTi. Therefore, 575 genes previously reported to be related to ER stress ([@bib31]) were closely examined. A total of 232 genes were significantly altered (p value \< 0.05), 95 were clustered (p value \< 0.001) ([Figure S11](#mmc1){ref-type="supplementary-material"}), whereby 52 of the most variable genes were upregulated within 48 h ([Figure 4](#fig4){ref-type="fig"}C), and the rest were downregulated within the first 3 h. Specifically, upregulation within 48 h occurred for HSPA5, DDIT3, PPP1R15A, and PPP1R15B, namely, of proteins that are usually localized in the ER and elevate in response to ER stress ([Figure 4](#fig4){ref-type="fig"}D). Interestingly, Ppp1r15a/b are phosphatase regulators that promote dephosphorylation of eIF2α enabling control of translation processes during cellular stress. Also, it has been reported that, among the 575 genes previously analyzed as ER-related, the majority (472) correlated with expression of ATF4 ([@bib31]). Therefore, further analysis was employed herein as well, using HOMER search motif ([@bib33]), to independently look for a possible common transcription factor (TF) for each cluster ([Figure 3](#fig3){ref-type="fig"}). Interestingly, ATF4 was identified here as well as a TF regulating the transcription of the genes upregulated within 48 h ([Figure 3](#fig3){ref-type="fig"} cluster (I)) with a p value of 1 × 10^−12^. This observation joins the overall data in pointing to involvement of ER in the cellular mechanism of phenolaTi.

ER Stress Is Putative Mechanism of Action of PhenolaTi, rather Than Direct DNA Interaction {#sec2.5}
------------------------------------------------------------------------------------------

Owing to the overall negative charge of the DNA, it is often suspected as the primary direct target of metallodrugs, as occurs for platinum compounds ([@bib65]). Our transcriptomics demonstrates the opposite. Thus, to directly evaluate possible interactions between DNA and phenolaTi, the effect on DNA polymerase activity was measured using polymerase chain reaction (PCR). The reaction was carried out in the presence of phenolaTi or other drugs with known DNA-related or -unrelated mechanisms. The interaction of cisplatin and doxorubicin with DNA fragments is well established, and therefore, these drugs served as positive controls ([@bib37]; [@bib82]; [@bib84]). In contrast, 5-fluorouracil is a thymidylate synthase inhibitor ([@bib66]) and hence served as a negative control. DNA was isolated from MCF7 cancer cells at a concentration of 0.4 ng/μL, amplifying the fragments of the gene that codes for actin. The tested compounds at concentrations of 27 and 54 μM were separately added to PCR tubes for evaluation of possible interaction with DNA, by inspecting inhibition of the DNA polymerase activity, as manifested by inhibition of gene amplification. The results are depicted in [Figure 5](#fig5){ref-type="fig"}A. As expected, the actin bands were absent for the drugs operating on DNA: cisplatin and doxorubicin, indicative of inhibition to the DNA polymerase activity due to DNA-drug interaction. The well-detected bands for 5-fluorouracil and phenolaTi imply that, as for fluorouracil, DNA may not be the major target of Ti(IV) phenolato compounds in their cytotoxic effect, supporting the transcriptomics data.Figure 5*In Vitro* Validation Assays Support ER-Related Mechanism of PhenolaTi with No Direct DNA Binding(A) Agarose gel electrophoresis of the PCR products for detection of actin after co-incubation with (I) cisplatin, (II) doxorubicin, (III) 5-fluorouracil, (IV) phenolaTi, (V) control, at 27 (left 2 bands) or 54 (right 2 bands) μM of each tested compound in duplicates (showing one of three repeats); phenolaTi, as 5-fluorouracil, does not interact directly with DNA.(B--D) (B) Cytotoxicity curves of phenolaTi toward human MCF7 cancer cells, with and without the addition of salubrinal, using the MTT assay following 72 h of incubation; activity of phenolaTi is abolished with the ER-stress inhibitor. (C) Expression of PERK, p-EIF2α, ATF4, and p-IRE1 levels (evaluated using immunoblotting) in MCF7 cells following incubation with phenolaTi; positive control Thapsigargin (Tg, a known ER Ca^2+^ ATPase inhibitor; 4 nM for 16 h); GAPDH as a loading control (inactivated PERK is observed at a lower molecular weight at time point 0, whereas activated PERK is observed upon treatment). (D) qPCR levels of XBP1s form over time in MCF7 cells exposed to phenolaTi at 54 μM concentration.

The gene expression analysis pointed to ER as a target involved in the mechanism of action of phenolaTi. ER stress is characterized by disruption of ER homeostasis, which is responsible mainly for production and folding of cellular proteins, storage and regulation of calcium, and glucose metabolism. In response to ER stress, the cell activates a signaling pathway called the unfolded protein response (UPR), which aims to help the cell cope with the induced stress. There are three major sensors (proteins) controlling the UPR: inositol requiring enzyme 1 (IRE1), protein kinase RNA-activated (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6). IRE1 activation induces X-box binding protein 1 (XBP1) splicing. The downstream proteins of PERK are eukaryotic initiation factor 2 (EIF2) and activating transcription factor 4 (ATF4) proteins.

To further analyze the effect of phenolaTi on ER stress as suggested by the transcriptomics, the cytotoxicity of phenolaTi was tested on MCF7 breast adenocarcinoma cells, with and without 70 μM of salubrinal, a known ER-stress inhibitor ([@bib9]; [@bib71], [@bib72]) that inhibits eIF2α dephosphorylatoin, using the MTT assay ([@bib26]). The results are presented in [Figure 5](#fig5){ref-type="fig"}B.

The activity of phenolaTi was abolished in the presence of salubrinal. The protective effect of salubrinal on cell viability suggests that ER stress has a role in inducing cell death. We then aimed to characterize the alterations in the different components of the phenolaTi-induced ER-stress response pathway. As mentioned above, there are three main ER-stress regulating proteins: IRE1, PERK, and ATF6. Their activation has both pro-apoptotic and pro-survival effects, depending on stress duration and intensity. At ∼16 and 24 h post phenolaTi treatment, activated IRE1 and XBP1s expression was observed ([Figures 5](#fig5){ref-type="fig"}C and 5D). Additionally, activated PERK leads to phosphorylation of the protein Eif2α and, in turn, to ATF4 translation. Again, activated PERK and Eif2α phosphorylation were detected along with ATF4 expression at the same time points ([Figure 5](#fig5){ref-type="fig"}C). These results strongly support the hypothesis pointing to ER as at least one of the main molecular targets associated with the apoptotic cell death induced by phenolaTi.

Discussion {#sec3}
==========

In this study, we present the first in-depth mechanistic analysis of a Ti(IV)-based anticancer drug. The scarce genomic analyses reported previously for Pt- and Ru-based metallodrugs involved microarray or conventional RNA-seq methodologies ([@bib6]; [@bib30]; [@bib38]; [@bib80]). Herein, the advanced CEL-Seq2 methodology ([@bib32]), which has optimized primers, reagents, clean-up, and library preparation steps, was employed on cell populations rather than applied as a single-cell sequencing technique, enabling conveniently gaining new insights on the pathways involved within the mode of action of the Ti(IV) drug.

A variety of essential signaling pathways were significantly changed over the tested time course. Cell cycle was erupted at G2/M phase, and apoptosis initiation via a mitochondrial pathway is proposed based on microscopically detected changes, buildup of apoptotic cells, and alterations in mitochondria-related genes, all in agreement with some reports in the literature on mechanistic aspects of Ti-based metallodrugs ([@bib47]; [@bib53]; [@bib57]). All of the above support a well-programmed cell death initiated by phenolaTi.

Inspecting correlations to the genomic analyses of other anticancer metallodrugs ([@bib6]; [@bib30]; [@bib38]; [@bib80]), it is evident that, despite some similarities relating to apoptosis induction, cell-cycle arrest, and p53-based mediated pathways, phenolaTi operates distinctively as implied previously by the NCI-60 reactivity pattern ([@bib53]). The ancestor drug cisplatin operates directly on DNA ([@bib65]; [@bib82]), whereas the downregulation of DNA double-strand break pathway within the first hours of exposure to phenolaTi suggests fundamentally different cellular behaviors. The lack of interference with DNA polymerase activity also supports an indirect interaction between phenolaTi and DNA under the tested conditions. Interestingly, downregulation of DNA repair genes is associated with hypoxic conditions in cells ([@bib7], [@bib8]; [@bib15]; [@bib55]), which was corroborated through direct analysis of hypoxia-related genes ([@bib12]). Also, when comparing the results with those previously reported for Ru-based compounds, phenolaTi does not activate similar metastasis-related TFs ([@bib6]), thus further confirming its distinct cellular impact.

The main pathways that stand out as particularly influenced by phenolaTi are those related to the ER, as proposed previously for osmium-based anticancer drugs ([@bib9]; [@bib71], [@bib72]). A variety of proteins and metabolic processes were altered, ATF4 was identified in one cluster (upregulation at 48 h), and genes associated with ER function based on previous work were upregulated following phenolaTi treatment. Notably, *in vitro* cytotoxicity toward MCF7 cells was abolished upon addition of salubrinal, a known ER-stress inhibitor ([@bib9]), which further supports ER involvement in the mechanism of action of phenolaTi. Upregulation of both IRE1 and PERK pathways further validate ER-stress activation. Interestingly, previous cell imaging studies with fluorescent salen-type Ti(IV) complexes have suggested possible accumulation of the fluorescent species near the ER region in the cell ([@bib79]). Since the ER membrane mainly comprises phospholipids ([@bib11]), direct interaction of the oxophilic Ti(IV) metal with the ER to give strong Ti(IV)-phosphate bonds is plausible, although such interaction would not be ER specific.

To conclude, unlike cisplatin and related known drugs, ER stress and hypoxia appear to govern Ti(IV)-based cytotoxic reactivity, conditions that could be related ([@bib20]; [@bib61]). Nevertheless, additional pathways activated in parallel or on different lines/by different derivatives cannot be ruled out. The specific interactions between the drug and its direct target are yet to be elucidated, as well as the source for cancer selectivity as manifested by the unique combination of wide activity and no toxic effects for phenolaTi ([@bib27]). ATF4 was previously reported to contribute to tumor progression ([@bib24]), as well as malfunction or overexpression of phosphorylation process ([@bib2]), all of which may serve a plausible explanation for cancer selectivity observed *in vivo* for phenolaTi. Overall, being a highly promising new-generation anticancer chemotherapeutic drug, the mechanistic insights provided herein for phenolaTi promote the understanding and advancing of modern non-toxic chemotherapy. Lastly, the wide applicability and availability of the RNA-seq methodology applied on cell populations as described herein should progress more rapid, economical, and in-depth mechanistic analyses of various metallodrugs operating by various mechanisms, for a marked leap in cancer research and better accessibility of various tolerable chemotherapies.

Limitations of the Study {#sec3.1}
------------------------

The study was performed on breast adenocarcinoma MCF7 cell line and therefore is limited by the mutational status of the current tested cells.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contacts, Edit Y. Tshuva (<edit.tshuva@mail.huji.ac.il>) and Yuval Tabach (<yuvaltab@ekmd.huji.ac.il>).

### Materials Availability {#sec3.2.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.2.3}

The raw and the processed data files of the current study can be accessed through Gene Expression Omnibus (GEO) with the [GSE148239](ncbi-geo:GSE148239){#intref0020} accession number.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S13Table S1. Full Gene Expression Data, Related to Figure 3Table S2. Gene Set Enrichment Analysis (GSEA) Divided to Five Main Clusters, Related to Figure 3
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